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1. Introduction
Both the prevalence of osteoarthritis and the reconstruction of Articular Cartilage Layers (ACLs) have lead to early Total
Ankle Arthroplasty (TAA), so the challenge to develop realistic natural anklemodel is receiving a lot of attention. The success
of all kinds of human joint arthroplasty depends not only on the knowledge of the dynamic behaviour but also on available
information of the relevant bones morphology. Although several studies of other human joints are reported in the literature,
studies centred on themorphology of the bones building the ankle or talo-crural joint are scarce. Only a fewworks deal with
ankle joint geometrical measurements [1–3]. The ankle joint may be modelled as bearing from an engineering point of view
[4] where the tibia and ﬁbula form the mortise (socket) into which the talus ﬁts thus forming the hinge joint. Both surfaces
are coveredwith cartilage layers. This is a white connective tissue and its thickness varies from 1 to 6mm in lower extremity
joints, including the hip, knee, and ankle joints. Normal healthy synovial ﬂuid (SF) is highly non-Newtonian but in
osteoarthritis its viscosity becomes reduced particularly at the low shear rates [5,6]. In the last years a large number of
concepts and theories of natural synovial joint lubrication have been proposed. These have included a wide range of
lubrication concepts, for example hydrodynamic, boundary andmixed-regime. Therefore, the understanding of the inﬂuence
of the geometric conﬁguration in the joint behaviour is important to study the ankle joint behaviour as a mechanical system
which stands the external load (human body weight) under a hydrodynamic regime of lubrication in the synovial capsule
during the ﬁrst moments of the gait cycle [7–9]. We present the data processing chain under different methodology and
system simulation results.
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A B S T R A C T
The increasing importance of human joints study as complexmechanical systems involves
medical data processing, system ﬂuid dynamic modelling and the establishing of reliable
boundary conditions. Understanding the dynamical behaviour of joints is crucial to face
prosthesis design and the associated research. This process is presented in a case study of
the human ankle joint. From a proper medical image segmentation, bone surfaces are 2D-
modelled as constant curvature surfaces (circles) under different criteria. The ﬂuid
dynamic problem is solved under different boundary conditions. Finally, the pressure ﬁeld
is obtained inside the joint and the sensitivity of the system with respect to the ﬁtting
methodology is consequently analyzed. Concluding remarks outline the ﬁndings for
practical use in system study.
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2. Materials and methods
The human ankle joint can be considered a cylindrical surface [10] at a ﬁrst level approach. The couplingmodel is deﬁned
by two inﬁnite rigid circular cylinders (subchondral bone) in a cylindrical cavity coveredwith a thin layer (articular cartilage)
of uniform thickness. In the sagittal plane the upper articular surface Sl (talar) is supposed to be stationary while the lower
surface Su (tibial) is assumed to have pure squeeze motion e˙ðtÞ, where e is the eccentricity or offset of the curvature centres.
Between the upper and the lower articular surface there is a SF ﬁlm [7,8] (Fig. 1).
In order to obtain a model for the biomechanical behaviour of lubricated contact in the ankle joint, in this study we
describe the morphometry of the contact between the tibial mortise Su and trochlea tali Sl (Fig. 2) through the digitalization
of the articular surfaces.
Themeasurement of the radii of curvature of the surfaces Rm and Rt (Figs. 1 and 2), and the relative position of the centres
(Table 1), will be carried out based on the image of the ankle sagittal anatomic section of a corpse takenwith a high resolution
technique colour cryosection [11] (Fig. 3).
A proper use of image processing segmentation and edge detection [12] allows identifying the coordinates of the pixels
which deﬁne the edge of the upper (tibia) and lower (tali trochlea) surfaces of the joint. In order to calculate the circles (Fig. 2)
that best ﬁt the pixels that deﬁne the edge of each surface two algorithms are used: least square and minimum zone. The
least-squares algorithm is retrieved from [13], and our own minimum zone tolerance algorithm has been developed based
on the polarity transformation of the circle [14]. Once the centre and radii of the circles are established, the eccentricity and
radial clearance can be calculated. These boundary conditions are imposed onto the system of equations that govern the ﬂuid
dynamic problem [7]. The study’s pursuit is quantitative evaluation of the sensitivity in the pressure ﬁeld and in the ﬂuid ﬁlm
thickness with respect to the geometric boundaries of the joint determined by different methods.
2.1. Image processing and edge detection
The algorithm has been implemented in MatLab R2007b along with the efﬁcient library for image analysis, Image
Processing Toolbox. The original RGB image (Fig. 3) is treated as a matrix of points (pixels), where each matrix element is
identiﬁed by its position (coordinates i, j) and it contains the colour intensity RGB of the pixel. For segmentation purposes the
image was converted to a greyscale image, and a median ﬁlter to remove impulse noise was used [15]. The image was then[(Fig._1)TD$FIG]
Fig. 1. Human ankle joint equivalent bearing.
[(Fig._2)TD$FIG]
Fig. 2. Schematic view of the morphometry of the contact between the tibial mortise and trochlea tali.
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converted to a binary image by using Gonzalez and Woods’s thresholding [16]. Starting from the histogram of the initial
image, the threshold coefﬁcient by calculating the mean value between the maximum andminimum intensity values of the
image can be therefore calculated. In this case this value is equal to 0.5. In the last step, an edge detection technique based on
the Canny ﬁlter is used (implemented and adopted) in order to obtain the coordinates of the pixels that contour the edge of
the two surfaces Su and Sl (Fig. 2). Well known and precise, the Canny ﬁlter was developed based on the optimal combination
of proper detection, localization and unique solution or one response to one edge [12,17].
2.2. Substitution geometry of bone surfaces from a digital image by circles
The bones surface contour on the image can be ﬁtted to a circle under different optimization criteria. The input will be the
dataset of points retrieved from image segmentation and contour extraction. Even for analogical images from X-ray,
digitalizing transforms the signal analysis in a digital image processing problem for ulterior processing. In the case study, the
ankle bone contour is obtained by themedian and Canny ﬁlters applied to a colour cryosection image. A ﬁrst order approach
to a circle of the bone surfaces in the plane of projection (short bearing problem) is adopted [8]. However, the ﬁnal conversion
of the dataset of points’ coordinates into an analytical curve is a process of curve ﬁtting of a dataset of points into a circle of
centre (a, b) and radius R (1)
Fðx; y; a; b;RÞ ¼ 0 : ðx aÞ2 þ ðy bÞ2  R2 ¼ 0 (1)
The ordinary best ﬁt aims at minimizing, under a concrete metric, the point-to-point difference of the dataset with the
geometry of substitution (solution circle), but two different optimization criteria are used for the least-squares ﬁtting and
the minimum zone ﬁtting.
The geometric or orthogonal ﬁtting, metric L2, determined by the minimization of the square sum of residuals d
2 
difference of the radius of each point or pixel (xi, yi) that deﬁnes the bone contour, Ri, with the solution ﬁtting circle of radius R
and centre of coordinates (a, b)  is expressed by (2)
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(2)
The geometric ﬁtting has a direct interpretation as the minimization of the deviation of the measured point from the ideal
geometry of substitution. It corresponds with the concept of noise minimization of the measured points with respect to the
geometry of substitution. Also named orthogonal distance regression, it works properly in statistical terms. An extended
discussion of circle ﬁts is developed in Calvo et al. [18]. A drawback is that the solution for the geometric ﬁt of the circle does
not always exist nor it is unique. Among the most precise algorithms for least-squares circle calculation, the Levenberg–
Marquardt algorithm is to be found [14]. It introduces a correction of the classical non-linear least-squares Gauss–Newton
method. It is reliable though it is iterative and requires initialization.
Table 1
Morphometric parameters under evaluation.
Measurement Figure
Rm Radius of curvature of the tibial surface 1 and 2
Rt Radius of curvature of the talar surface 1 and 2
c Clearance of the Ankle bio-bearing 1
e Eccentricity of the Ankle bio-bearing in unloaded conﬁguration 1
[(Fig._3)TD$FIG]
Fig. 3. Image of the ankle sagittal anatomical section taken with a high resolution technique colour cryosection.
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A second ﬁtting methodology is the minimum zone tolerance. This criterion is recommended in metrology by ISO
1101 standard in order to evaluate the deviation of form of surfaces, roundness in this case. The roundness or circularity of a
feature is deﬁned as the minimum radii difference between two concentric circles that conﬁne the feature in between them
such as a metric L1. The minimum zone tolerance criteria for a circle ﬁtting from n points can be expressed by (3).
Dataset of n point k = 1, . . ., n
Rkða; bÞÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxk  aÞ2 þ ðyk  bÞ2
q
; Minimum zone solution center ða; bÞ andR ¼ 1
2
½Rmax þ Rmin (3)
where Rmin  Rk  Rmax 8 k and ðRmax  RminÞ is minimum.
A main reason to adopt the Minimum Zone Criteria (MZC) is because it yields a tolerance zone smaller than the least-
squares criteria by its formulation.
TheMinimumZone Criteria froma ﬁnite set of data points is a complex combinatorial problem. It is determined by 4 points
of the dataset [19] and the difﬁculty of themathematical problemhas established a ﬁrst obstacle for awider use of the criteria.
2.3. Fluid dynamic model formulation
A linear mixture model [7,8] can be adopted for the cartilage, considering the linear (small deformation) homogeneous
and isotropic porous cartilage matrix. It is ﬁlled of ideal interstitial ﬂuid ﬂowing due to the ﬂuid pressure gradient through
the porous matrix. It is well known that the squeeze ﬁlm phenomenon arises when two lubricating surfaces move towards
each other in the normal direction thus generating a pressure ﬁeld, and hence supporting the load. This is due to the fact that
a viscous lubricant present between the two surfaces cannot be instantaneously squeezed out when the two surfaces move
towards each other and this action provides a cushioning effect in bio-bearings. SF is considered as a mixture of two
incompressible ﬂuids: Viscous (hyaluronic acid–protein macromolecular complex) and ideal (water and small solutes). The
long chain of polysaccharide hyaluronic acid molecules present in the synovial ﬂuid works as polar additives and gives the
motivation for assuming the synovial ﬂuid as a stokes couple-stress ﬂuid [9,20]. Making the usual assumptions of
hydrodynamic lubrication applicable to thin ﬁlms, and in the case of mono-dimensional pressure in the x direction, the
modiﬁed Reynolds equation in non-dimensional form is [7]:
@
@u
@ p
@u
f ðh; lÞ þ 12F
H
ð1 aÞ
  
¼ 12 cosðuÞ (4)
where p* is the dimensionless pressure and the function f*(h*,l*) is deﬁned as
f ðh; lÞ ¼ h3  12l2h þ 24l3 h

2l
 
(5)
in which h*(u) is the dimensionless height of the meatus deﬁned as:
hðuÞ ¼ 1 e cos u (6)
where e is the dimensionless eccentricity deﬁned as e/c.
Whereas
FH
ð1 aÞ
@2 p
@u2
 !
(7)
represents the velocity of a viscous ﬂuid in a porousmatrix on the cartilage surfaces governed bymodiﬁed Darcy’s law (7). In
(7)F is the permeability of the porousmatrix, and H* is the dimensionless cartilage layers’ thickness deﬁned as H/cwhereH
is thickness of the cartilage coating as Fig. 1 shows. The dimensionless parameter a represents the ratio of microstructure
size to the pore size and it is deﬁned as:
a ¼ h
m
 
 1
F
¼ l
2
F
(8)
wherem has the dimensions of viscosity, whereash has the dimensions ofmomentum. The ratioh/m that has the dimensions
of length squared is the couple stress parameter l deﬁned as:
l ¼ h
m
 1=2
(9)
3. Results
The procedure for obtaining the results is as follows:
1. Determine the input quantities: the coordinates of pixels that deﬁne the edge of the bone surface.
2. The previous coordinates are adjusted for both circular surfaces by the least square and minimum zone methods.
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3. Based on the results of the previous adjustment, all geometrical parameters are determined.
Table 2 shows the estimate for each of the geometrical parameters: Rm, Rt, c and e (Table 1 and Fig. 2). The circle ﬁtting’s
ﬁgures of merit are both the root mean square error (RMSE) and the minimum zone tolerance (MZT) in a trade-off between
them for both ﬁtting algorithms.
Fig. 4 shows the ﬁtting of the arcs of the tibial and talar surfaces in the lubricated contact and their centres according to:
(a) the least-square and (b) minimum zone algorithm by using the same medical image (Fig. 3) for both algorithms.
The results show that the initial conditions of the tribological problem change according to the algorithm used (LM or
MZC). Fig. 5 shows the height of the meatus using the LM and MZC criteria.
Table 2
Morphometric results and ﬁtting ﬁgures-of-merit.
Estimated by least-squares algorithm (mm) Estimated by minimum zone algorithm (mm)
Rm 23.651 24.342
Rt 21.536 21.087
c 2.115 3.255
e 1.234 0.463
RMSE of tibial mortise surface 1.25 1.68
MZT of tibial mortise surface 6.26 5.93
RMSE of talar surface 0.47 0.55
MZT of talar surface 2.19 2.06
[(Fig._4)TD$FIG]
Fig. 4.Morphometric results of (a) the least-squares circle ﬁtting (red circles) and (b) the minimum zone circle ﬁtting (black circles). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
[(Fig._5)TD$FIG]
Fig. 5. Variation of the dimensionless h* vs. u in the ankle joint using the least-squares circle ﬁtting (red circles) and the minimum zone circle ﬁtting (black
circles). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
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This difference between the values of the geometric parameters evaluated with two different criteria produces a change
in the dynamic conditions. Indeed, Fig. 5 shows how the pressure inside the contact for two distinct values of l changes. The
pressure curves in red are relative to the LM algorithm and in black to MZC criterion.
4. Discussion and conclusions
In this paper the 2Dmetrological characterization in the sagittal plane of the articular surfaces in the lubricated contact of
the human ankle joint has been carried out. From a proper medical image segmentation, tibial and talar bone surfaces are
modelled on constant curvature (circles) under different criteria: least squares (LS) and minimum zone (MZ).
The methodology used in the medical image processing and in the choice of two ﬁtting algorithms for the determination
of the positions of bone elements and their geometry shows an appreciable precision level, as per Table 2. The possibility of
ﬁtting bone geometry under different ﬁtting criteriamotivates a sensitivity study on the pressure ﬁeld. The results show that
the boundary conditions represent a main source of inﬂuence in the solution due to a signiﬁcant meatus height change
(Fig. 5). It induces a different dynamic response of the ankle joint (Fig. 6). In the case study, a greater meatus height h* (MZ
criteria) corresponds to a lower pressure level across the contact. Conversely, LS criteria act in the opposite direction thus
generating higher pressure ﬁeld in the synovial joint. The signiﬁcant inﬂuence of the boundary conditions in the
quantiﬁcation of the ankle joint pressure ﬁeldwarns us to be careful not onlywhen comparing directly quantitative results of
pressurewithout considering the dynamicmodel, but also the complete data processing of the geometry that establishes the
boundary conditions.
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